Introduction {#Sec1}
============

After the discovery of a new boson at the LHC \[[@CR1], [@CR2]\], studies of its properties have become the first priority of the high-energy physics community. A coordinated theoretical and experimental effort is made \[[@CR3]--[@CR5]\] that aims at maximising the information from the ongoing and forthcoming measurements. On the experimental side, new analyses, strategies and more precise measurements are being performed that cover the wider range of relevant production and decay channels in the Standard Model (SM) and beyond, and the recent measurements of the coupling strength \[[@CR6], [@CR7]\] and the spin-parity properties \[[@CR8], [@CR9]\] give strong indications that the new particle is indeed the scalar boson predicted by the SM. On the theoretical side, predictions for signal and background are being obtained at higher orders in perturbative expansion in QCD and electroweak (EW) theory, so that a better accuracy in the extraction of the SM parameters can be achieved. In addition, new variables and observables are being proposed that may be sensitive to new physics effects. At the same time, considerable attention is being devoted to the definition of a theoretical methodology and framework to collect and interpret the constraints coming from the experimental side.

The proposal of employing an effective field theory (EFT) that features only SM particles and symmetries at the EW scale has turned out to be particularly appealing. Such a minimal assumption, certainly well justified by the present data, provides not only a drastic reduction of all possible interactions that Lorentz symmetry alone would allow, but also a well-defined and powerful framework where constraints coming from Higgs measurements can be globally analysed together with those coming from precision EW measurements and flavour physics (see for example Refs. \[[@CR10]--[@CR34]\], and more in general Refs. \[[@CR35], [@CR36]\]).

In this context, the *Higgs Characterisation* (HC) framework has recently been presented \[[@CR37]\], which follows the general strategy outlined in Ref. \[[@CR38]\]. A simple EFT lagrangian featuring bosons with various spin-parity assignments has been implemented in [FeynRules]{.smallcaps} \[[@CR39], [@CR40]\] and passed to the [MadGraph5_aMC\@NLO]{.smallcaps} \[[@CR41]--[@CR43]\] framework by means of the [UFO]{.smallcaps} model file \[[@CR44], [@CR45]\]. Such an implementation is simple but general enough to describe any new physics effects coming from higher scales in a fully model-independent way. It has the advantage of being systematically and seamlessly improvable through the inclusion of more operators in the lagrangian on one side and of higher-order corrections, notably those coming from QCD, on the other. The latter, considered in the form of multi-parton tree-level computations (ME+PS) and of next-to-leading order (NLO) calculations matched to parton showers (NLO+PS), are a very important ingredient for performing sensible phenomenological studies.

In Ref. \[[@CR37]\] we have provided a study of higher-order QCD effects for inclusive $\documentclass[12pt]{minimal}
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We stress that the spin-parity studies in VBF and VH production nicely complement those in $\documentclass[12pt]{minimal}
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The paper is organised as follows. In the following section we recall the relevant effective lagrangian of Ref. \[[@CR37]\], and we define the sample scenarios used to illustrate the phenomenological implications. In Sect. [3](#Sec6){ref-type="sec"} we present the VBF results in the form of distributions of key observables in the inclusive setup as well as with dedicated VBF cuts, while in Sect. [4](#Sec7){ref-type="sec"} we illustrate the $\documentclass[12pt]{minimal}
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Theoretical setup {#Sec2}
=================

In this section, we summarise the full setup, from the lagrangian, to the choice of benchmark scenarios, to event generation at NLO accuracy.

Effective lagrangian and benchmark scenarios {#Sec3}
--------------------------------------------

We construct an effective lagrangian below the electroweak symmetry breaking (EWSB) scale in terms of mass eigenstates. Our assumptions are simply that the resonance structure observed in data corresponds to one bosonic state ($\documentclass[12pt]{minimal}
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The effective lagrangian relevant for this work, *i.e.*, for the interactions between a spin-0 state and vector bosons, is (Eq. (2.4) in Ref. \[[@CR37]\]):$$\documentclass[12pt]{minimal}
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NLO corrections including parton-shower effects {#Sec4}
-----------------------------------------------

The [MadGraph5_aMC\@NLO]{.smallcaps} framework is designed to automatically perform the computation of tree-level and NLO cross sections, possibly including their matching to parton showers and the merging of samples with different parton multiplicities. Currently, the full automation is available in a unique and self-contained framework based on [MadGraph5]{.smallcaps} \[[@CR41]\] for SM processes with NLO QCD corrections. User intervention is limited to the input of physical quantities, and after event generation, to the choice of observables to be analysed. In Ref. \[[@CR37]\] the results for gluon fusion have been presented and compared to predictions coming from ME+PS (MLM-$\documentclass[12pt]{minimal}
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[aMC\@NLO]{.smallcaps} implements matching of any NLO QCD computation with parton showers following the MC\@NLO approach \[[@CR53]\]. Two independent and modular parts are devoted to the computation of specific contributions to an NLO-matched computation: [MadFKS]{.smallcaps} \[[@CR42]\] takes care of the Born, the real-emission amplitudes, and it also performs the subtraction of the infrared singularities and the generation of the Monte Carlo subtraction terms, according to the FKS prescription \[[@CR54], [@CR55]\]. [MadLoop]{.smallcaps} \[[@CR43]\] computes the one-loop amplitudes, using the CutTools \[[@CR56]\] implementation of the OPP integrand-reduction method \[[@CR57]\]. The [OpenLoops]{.smallcaps} method \[[@CR58]\] is also used for better performance. Once the process of interest is specified by the user, the generation of the code is fully automated. Basic information, however, must be available as regards the model and the interactions of its particles with QCD partons. For [MadFKS]{.smallcaps} this amounts to the ordinary Feynman rules. For [MadLoop]{.smallcaps}, on the other hand, the Feynman rules, UV counterterms, and special tree-level rules, so-called $\documentclass[12pt]{minimal}
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Simulation parameters {#Sec5}
---------------------

In our simulations we generate events at the LHC with a centre-of-mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm{VH}$$\end{document}$ is the invariant mass of the VH system. We note here that scale (and PDF) uncertainties can be evaluated automatically in the code via a reweighting technique \[[@CR62]\], the user only deciding the range of the variation. In addition, such information is available on an event-by-event basis and therefore uncertainty bands can be plotted for any observable of interest. In this work, however, to simplify the presentation that focuses on the differences between the various scenarios, we give this information only for total cross sections and refrain from showing them in the differential distributions. For parton shower and hadronisation we employ [HERWIG6]{.smallcaps} \[[@CR63]\] in this paper, while [HERWIG++]{.smallcaps} \[[@CR64]\], (virtuality ordered) [Pythia6]{.smallcaps} \[[@CR65]\] and [Pythia8]{.smallcaps} \[[@CR66]\] are available for use in [aMC\@NLO]{.smallcaps}. The comparison among the above different shower schemes was done for the SM Higgs boson in VBF in Ref. \[[@CR67]\].

Vector-boson fusion {#Sec6}
===================

Predictions for Higgs production via VBF in the SM are known up to NNLO accuracy for the total cross section \[[@CR68]--[@CR70]\], at the NLO QCD \[[@CR71]--[@CR76]\] + EW \[[@CR77], [@CR78]\] level in a differential way and at NLO in QCD plus parton shower both in the [POWHEG BOX]{.smallcaps} \[[@CR79]\] and in [aMC\@NLO]{.smallcaps} \[[@CR67]\]. NLO QCD predictions that include anomalous couplings between the Higgs and a pair of vector bosons are available in [VBFNLO]{.smallcaps} \[[@CR80], [@CR81]\]. Our implementation provides the first predictions for EFT interactions including NLO corrections in QCD interfaced with a parton shower. Many phenomenological studies on Higgs spin, parity and couplings are available in the literature \[[@CR47], [@CR48], [@CR82]--[@CR88]\], which could now be upgraded to NLO+PS accuracy.

In our framework the code and events for VBF can be automatically generated by issuing the following commands (note the [\$\$]{.smallcaps} sign to forbid diagrams with $\documentclass[12pt]{minimal}
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For the studies on the distributions, we require the presence of at least two reconstructed jets with$$\documentclass[12pt]{minimal}
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We start by showing the invariant mass distribution of the two leading jets in Fig. [1](#Fig1){ref-type="fig"} for the six scenarios of Table [3](#Tab3){ref-type="table"}, where the minimal detector cuts in Eq. ([5](#Equ5){ref-type=""}) are applied. With the exception of the scenario featuring the derivative operator (HDder), the distributions are all very similar. This means that the invariant mass cut in Eq. ([6](#Equ6){ref-type=""}), which is imposed in typical VBF selections, acts in a similar way on all scenarios.Fig. 1Distribution for the invariant mass of the two leading jets in VBF production with the acceptance cuts. The *histograms* in the main plot are normalised to unity

The lowest inset in Fig. [1](#Fig1){ref-type="fig"} is the ratio of NLO+PS to LO results, while the middle one shows the ratio of NLO+PS to pure NLO. NLO+PS corrections modify in a consistent way LO parton-level predictions with major effects at high invariant mass, *i.e.*, the QCD corrections tend to make the tagging jets softer. In addition, the parton shower affects both the lower and the higher invariant mass regions.

Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} collect key plots for the $\documentclass[12pt]{minimal}
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The unitarity violating behaviour of the higher-dimensional interactions, especially for $\documentclass[12pt]{minimal}
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In all cases NLO corrections are relevant and cannot be described by an overall $\documentclass[12pt]{minimal}
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Vector-boson associated production {#Sec7}
==================================

Predictions for Higgs production in association with a weak vector boson in the SM are known up to NNLO accuracy \[[@CR90]--[@CR92]\], including EW corrections \[[@CR93], [@CR94]\]. NLO+PS results can be obtained via [(a)MC\@NLO]{.smallcaps} \[[@CR95], [@CR96]\] and the [POWHEG BOX]{.smallcaps} \[[@CR97]\]. Many phenomenological studies on Higgs spin, parity and couplings are available in the literature \[[@CR48], [@CR88], [@CR98]--[@CR105]\]. In this section we present the first predictions for EFT interactions including NLO corrections in QCD interfaced with a parton shower in the VH process.
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As in Sect. [3](#Sec6){ref-type="sec"}, the ratios of NLO+PS to LO (NLO) results are presented in the lowest (middle) inset in Fig. [4](#Fig4){ref-type="fig"}. NLO+PS effects are quite important when compared with fixed-order LO predictions, and, in many cases, they cannot be accounted for by applying an overall $\documentclass[12pt]{minimal}
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Summary {#Sec8}
=======

We have studied higher-order QCD effects for various spin-0 hypotheses in VBF and VH production, obtained in a fully automatic way via the model implementation in [FeynRules]{.smallcaps} and event generation at NLO accuracy in the [MadGraph5_aMC\@NLO]{.smallcaps} framework. Our approach to the Higgs characterisation is based on an EFT that takes into account all relevant operators up to dimension six written in terms of fields above the EWSB scale and then expressed in terms of mass eigenstates ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W,Z,\gamma $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H$$\end{document}$).

We have presented illustrative distributions obtained by interfacing NLO parton-level events to the [HERWIG6]{.smallcaps} parton shower. NLO corrections improve the predictions on the total cross sections by reducing the scale dependence. In addition, our simulations show that NLO+PS effects need to be accounted for to make accurate predictions on the kinematical distributions of the final state objects, such as the Higgs and the jet distributions.

We look forward to the forthcoming LHC experimental studies employing the EFT approach and NLO accurate simulations to extract accurate information on possible new physics effects in Higgs physics.
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